In order to study the dynamic crack propagation law in fissured rock under the different fillings, a borehole with 7 mm diameter was processed in the center of a polymethyl methacrylate (PMMA) specimen. e preexisting fissure with different angles (θ � 0°, 45°, and 90°) and different distances (L � 20, 30, 40, 50, and 60 mm) was prefabricated around the borehole. Air, soil, and water were employed as fillings in the fissure, respectively. e experiment of explosive loading was carried out by a single detonator, and the dynamic crack propagation process of the experimental specimens was simulated by nonlinear dynamics software AUTODYN. e results show that the blast-induced cracks are the most favorable and unfavorable to propagate when θ � 0°and θ � 45°, respectively. e length of the far-end wing crack decreases with the increase of the distance L, and the length of the far-end wing crack in the air-filled specimens is larger than those in soil-filled and water-filled specimens. e damage-pressure curve of the far-end wing crack initiation point shows "S"-type change, and the damage-pressure curve shows two obvious damage evolution processes of initial nonlinear and later linear stages. With the increase of the angle, the distance from the borehole to the crack initiation point decreases and the compressive stress wave peak value should increase, but the tensile force peak value decreases. Meanwhile, the relationships between pressure and average velocity of the initiation point and L, θ, and fillings are established, respectively. e numerical simulation agrees with the experimental results well. It can be seen that the fillings types, angle, and distance have a mutual restraint relationship with the reflected and absorbed stress wave energy. e phenomenon of crack propagation under different fillings can be explained well from the viewpoint of discontinuity degree and stress wave energy, which reveals the general law of blast-induced crack propagation.
Introduction
A large number of randomly distributed joints and fissures make the rock mass to show properties of the discontinuity, anisotropy, and inhomogeneity. For the fissured rock, when the stress waves travel to the fissure surface, the stress waves can produce the phenomena of reflection, refraction, diffraction, and transmission [1] [2] [3] , which will influence the propagation direction and length of blast-induced cracks. Meanwhile, the loss of explosive gas in fissures causes the rock mass far away from borehole to decrease significantly in the explosive energy utilization rate, which will reduce the scope and effect of the blasting fragmentation, and not only affect the contour shape of the tunnel or mining slope and increase the explosive consumption greatly but also produce unfavorable effects on safety of construction, support, and postoperation, and so on as well as ultimately result in lowering production efficiency and increasing production cost.
Song and Kim [4] analyzed the mechanical properties of crack initiation, propagation, and bifurcation in the explosion process of rock fracture by numerical simulation. Zhu et al. [5] [6] [7] used AUTODYN to simulate the blast-induced crack propagation and concluded that the fissure hindered crack propagation seriously and fissure width and fillings also have an important influence on crack propagation. Ma et al. [8] also utilized LS-DYNA to simulate the crack propagation in fissured rock mass and obtained the rule that the fissure greatly impeded crack propagation as well and the rock near the fissure or free side was more seriously broken caused by the reflected tensile stress waves [9] . Wang and Konietzky [10] analyzed the dynamic fracture process of the fissured rock mass in combination with LS-DYNA and UDEC and concluded that different fissure types could cause different crack propagation laws. Sharafisafa et al. [11] studied the effect of fissure types on blast-induced crack propagation and concluded that the horizontal fissure was more favorable for crack propagation than inclined and vertical fissures. Wu and Wong [12] investigated initiation stress, initiation angle, and propagation law of wing crack caused by preexisting fissure end at different angles under uniaxial compression by using the numerical method. Li and Wong [13] revealed that the preexisting fissures of different angles had an important effect on wing crack initiation position, propagation angles, and propagation priority by AUTODYN. Zhuang et al. [14] researched the difference of wing crack propagation law between unfilled and filled preexisting fissures in rock-like brittle materials under uniaxial compression in the crack initiation stress and initiation angle. Yang et al. [15] studied the crack propagation when explosion stress waves with oblique incidence propagate to preexisting fissures and considered the propagation law of wing crack had an important relationship with initial compressive stress. Hu et al. [16] and Yang et al. [17, 18] both researched blast-induced crack propagation when stress wave traveled to preexisting fissure at different incident angles in PMMA and concluded the different angles would cause the different propagation mechanism of the far-end wing crack.
Although many researchers have studied largely the blast-induced crack propagation law in fissured rock mass, they mostly studied the influence of single variable on crack propagation, such as stress wave incident angles [14, 16, 17] and fillings [5] . So they lack to consider synthetically the influence of filling material types and the angle and distance of fissure to borehole on the blast-induced crack propagation. Firstly, this paper mainly studies the influence of the preexisting fissure with the different filling materials (air, soil, and water) on the blast-induced crack propagation and the crack propagation law at the end of preexisting fissure by experimental studies, and then, the crack propagation law in the experiment will be further revealed by the corresponding numerical simulation through AUTODYN. e research of this paper is conducive to improving the energy utilization efficiency of rock blasting and the effect of rock fragmentation and the safety level of fissured rock slope and tunnel, which can provide theoretical basis for improving blasting design and optimizing blasting parameters.
Explosive Experiment
2.1. Experimental Scheme. PMMA and rock exhibit an anisotropic behavior and brittle characteristic under explosive loading [19, 20] , and thus, PMMA is chosen as an experimental material in our study. With a length 400 mm × width 400 mm × height 5 mm of the PMMA plate as the experimental specimen, a 7 mm diameter hole is located in the center of the specimen, and the preexisting fissure size is length 60 mm × width 2 mm × height 5 mm, as shown in Figure 1 . θ is the angle between the line from the borehole center to the proximal end of preexisting fissure and axis in the longitudinal direction of the preexisting fissure, and θ is called the angle between borehole and preexisting fissure for short, L is the distance from the borehole center to the proximal end of preexisting fissure. According to the fillings types, experiments are divided into three groups, namely, air group, soil group, and water group; each group is divided into three subgroups with θ as variable, namely, 0°subgroup, 45°subgroup, and 90°s ubgroup; each subgroup has five PMMA specimens with L as variable, and L is 20, 30, 40, 50, and 60 mm, respectively, as shown in Table 1 .
Experimental Procedures.
e experimental procedures are as follows:
(i) e laser lathe was applied to incise the PMMA specimen and prefabricate the borehole and preexisting fissure, which requires walls of the borehole and preexisting fissure to be smooth and perpendicular to the specimen surface; Sellotape was pasted tightly on the backside of preexisting fissure in each soil-filled specimen and water-filled specimen; gaskets were used to form a holder for underlaying the specimen via its four corners to the same height on the ground, which aimed at preventing the 0  20  30  40  50  60  45  20  30  40  50  60  90  20  30  40  50  60 2 Advances in Materials Science and Engineering bottom of the detonator from touching the ground to change the main charge zone position. (ii) To the air-filled group, ① a #8 instantaneous electric detonator was fixed with the same batch, the similar resistance values in the center of the borehole and the detonator must be perpendicular to the specimen surface, and all the main charge zones of the detonator were required to align the thickness of the specimen in the same position; ② the specimen was put on the holder; ③ a thin wood plate that had a slightly bigger hole than the borehole with the same size of the specimen was covered above the specimen to prevent the detonator debris from scratching in the explosion; and ④ the detonator was initiated, and the specimen was recycled after explosion. (iii) To the soil-filled group, firstly soil was filled in preexisting fissure completely, which requires soil to be consistent with the thickness of the specimen so that it does not invade into the rear paste area of Sellotape, and then, the steps ①, ②, ③, and ④ were followed in the air-filled group. (iv) To the water-filled group, firstly the steps ① and ② were followed in the air-filled group; then, a syringe was used to fill water in the preexisting fissure completely, and it was ensured that no bubbles exist in the fissure; and lastly, the steps ③ and ④ were followed in the air-filled group.
Experimental Results and Discussion.
e crack propagation effects of the experimental specimens after explosion are shown in Figures 2-4. 
e Influence of Fillings, Angle, and Distance on Crack
Propagation.
e mechanical properties of the fillings affect the discontinuity degree of the specimen, which was measured by the wave impedance. e wave impedances of four media are shown in Table 2 [21] [22] [23] [24] , where ρ is the density, c is the longitudinal wave velocity, η is the wave impedance, and Δη is the wave impedance difference value. According to the rock wave impedance matching viewpoint [25] , the difference value of wave impedance between the PMMA and fillings is inversely proportional to the discontinuity degree of the specimen and is proportional to the magnitude of the blocked energy of stress wave, which means that the bigger the wave impedance difference value, the smaller the discontinuity degree and the more the blocked energy. Compared with wave impedances of PMMA, soil, and water, it can be considered that stress waves are completely blocked in the air-filled specimen because of its minimum wave impedance [26] ; soil-filled and water-filled specimens have a bigger discontinuity degree, which is conducive to stress wave travel. For the angle θ and the distance L, it is generally believed that the larger the angle and the smaller the distance of the three kinds of filling specimens, the larger the reflected stress wave energy. But the smaller the distance in the soil-filled and water-filled specimens, the greater the absorbed stress wave energy. It can be seen that the fillings types, angle, and distance have a mutual restraint relationship with the reflected and absorbed stress wave energy. From the experimental results, it is because that the three variables lead to different crack propagation results, and the analysis should also consider the influence of three variables and the mutual restraint relationship of stress wave energy on blastinduced crack propagation so as to make a more comprehensive explanation.
igure 2: Air-filled PMMA specimens after explosion.
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e Influence of Fillings and Angle on the Total
Number N of Blast-Induced Cracks. Figure 5 shows the relationship between the total number N of blast-induced cracks exceeded 3 mm in length and fillings. Due to the minimum discontinuity degree of the air-filled specimen, the preexisting fissure completely blocks the explosive energy, and the reflected stress wave energy is larger, which is favorable for 
igure 4: Water-filled PMMA specimens after explosion. e soil-filled and water-filled specimens have the bigger discontinuity degree, and a large amount of compressive stress wave energy is absorbed, so N in the air-filled specimens is substantially larger than that in the other two groups.
As shown in Figure 6 , since absorbed stress wave energy at 45°is larger than that at 0°, and the reflected stress waves mostly travel far away from explosion source. When θ is 90°, the reflected stress waves mostly travel to explosion source, so N in the air-filled and the other specimens decreases initially and increases afterwards as the angle changes. Compared with the air-filled specimens, due to the bigger discontinuity degree of water-filled specimens, the obtained lower energy of the reflected stress waves restrains the crack propagation, so N in the water-filled specimens first increases and then decreases.
2.3.3.
e Wing Crack Analysis. In the actual blasting project, the wing crack propagation in the fissured rock mass seriously affects the rock fragment range and the later engineering support, so it is necessary to analyze the far-end wing crack. In the case of two far-end wing cracks in the 0°group, for the convenience of studying, the numbers show the average values in Figures 7 and 8 .
In Figure 7 , the far-end wing crack length in the whole specimens shows a decreasing trend, and the reason is that the tension-shear stress at the crack tip decreases with the increase of L, which causes the decrease in length. Because of the minimum discontinuity degree of the air-filled specimen, the far-end wing crack length is larger than that in the soil-filled and water-filled specimens; and the discontinuity degree of the soil-filled and water-filled specimens is relatively bigger and closer, so both the far-end wing cracks are shorter and more similar in length.
In Figure 8 , when the angle θ increases, the loss of energy in the stress wave travel process decreases as the distance from the borehole center to the preexisting fissure far-end decreases, so the far-end wing crack in all the specimens Advances in Materials Science and Engineeringincreases as the angle increases when L is 20 to 30 mm. When L is 40 to 60 mm, the far-end wing crack first decreases and then increases. e main reasons are as follows: the increase of L leads to the increase of energy loss in the stress wave travel process, compressive stress wave energy is further absorbed by fillings of soil and water, and relatively smaller energy loss in travel is caused because of the closer distance from the borehole center to the preexisting fissure far-end in the 90°group than that in the 45°group.
The Numerical Simulation Analysis of Crack Propagation under the Different Fillings
In order to further reveal the blast-induced crack propagation law in the fissured rock mass under the explosive loads, the nonlinear dynamics software AUTODYN is used for numerical simulation according to the corresponding parameters of the experimental specimen, involving materials including PMMA, fillings (air, soil, and water), and explosive. 
where P is the explosive pressure, K is the volume modulus of the material, and ρ/ρ 0 is the ratio of the current density to the initial density during the explosion. e tensile crack softening model is applied as the PMMA failure model, and the detailed description of this model is in [16, 27, 28] . Generally, the relevant physical and mechanical parameters of PMMA under the dynamic loads are difficult to measure, which is related to the material properties, experimental conditions, temperature, and so on. So the author revised some parameters according to the parameters listed in [13] , as shown in Tables 3 and 4 [29, 30] . 6 Advances in Materials Science and Engineering
Fillings (a) Air
For air, the EOS is described by the ideal gas:
where P is the pressure; c is the adiabatic exponent, 1.4; ρ is the density, 1.25 kg/m 3 ; and e is the internal energy. (b) Soil e soil is described by the shock EOS and the Drucker-Prager strength model. e concrete parameters are shown in Table 5 [31] .
(c) Water
A polynomial EOS is applied to water: For μ > 0 (compression),
For μ < 0 (tension),
where in the above two formulas P is the pressure, ρ 0 is the density, e is the internal energy, and
and T 2 are the constants, and the specific parameters are shown in Table 6 .
Explosive.
e explosive is ammonium nitrate-fuel oil (ANFO) explosive, and the EOS is described by JWL:
where P is the pressure, e is the initial internal energy of the explosive product, V is the relative volume, and A, B, R 1 , and R 2 are the constants. e material parameters of ANFO are listed in Table 7 .
Material Location and Grid Mesh.
According to the experimental specimen, the 2D model and noncoupling charge structure are applied. e diameters of the borehole and explosive are 7 mm and 6 mm, respectively. A variety of grid sizes were applied to simulate the crack propagation, and we found that too big or too small grid sizes would lead to unsatisfactory or nonideal crack results compared with the experimental crack results. Meanwhile, we also did the convergence computation through all kinds of grid sizes. Based on the above previous works before simulation, we chose 1.5 mm as the grid size at last and the total number elements were 78655. e mesh method is sweep, the boundary condition is the free boundary, and the calculation time is 100 μs. e location of the materials and the mesh are shown in Figure 9 .
Simulation Results.
e numerical simulation results are shown in Figures 10-12 . Due to the high explosive pressure on the borehole wall, a crushed zone develops near the borehole and a fractured zone also develops because of the radial cracks generation after the formation of the crushed zone. Blast-induced cracks almost cannot get over the preexisting fissure to continue to propagate, and the wing cracks appear at both ends of the preexisting fissure. It should be noted that the far-end wing cracks propagate horizontally at θ � 0°, while the far-end wing cracks propagate above obliquely at θ � 45°and θ � 90°. Additionally, the crack is produced on the other side of the preexisting fissure in the air-filled specimen of L � 30 mm at θ � 45°. All these phenomena appearing in numerical simulation agree basically with the experimental phenomena.
3.4.
e Blasting-Induced Crack Propagation Mechanism. Because the explosion of the detonator in experiment has less gas and the calculation time is relatively shorter in numerical simulation, it is considered that the stress wave is the most important factor in blast-induced crack initiation and propagation. From the experimental and simulative results, it can be concluded that the crack propagation process can be divided into two stages through the time points that whether the reflected stress wave formed in the preexisting fissure has common interaction with the compressive stress wave or not.
e first is the phase of the compressive stress wave, and the second is the phase of the common interaction between compressive stress wave and reflected stress wave.
e Radial Crack Propagation Mechanism around the
Borehole. After detonator or explosive detonation, the shock wave compresses on the borehole wall intensely to develop the crushed zone around the borehole because of the shear stress.
e shock wave attenuates the stress wave during the process of the crushed zone formation. e stress wave compresses radially the media outside the crushed zone to cause the tangential stress, and once the tangential stress reaches the dynamic tensile strength of the medium, it will lead to radial crack initiation and propagation. en, the reflected stress wave and the compressive stress wave act together to promote the crack propagation again. Considering the different positions between preexisting fissure and borehole, the reflected stress wave that travels back to the borehole is different, and radial crack propagation mechanism is also different, so it is necessary to discuss the influence of the distance, angle, and fillings on crack propagation.
(1) Distance L In numerical simulation, take the air-filled specimens at θ � 90°as an example and choose the element as the gauss point at 10 mm below the preexisting fissure center from L � 20 to 60 mm; the relationship between the peak pressure and L is shown in Figure 13 . It shows the law that the peak pressure decreases when L increases.
(2) Angle θ When θ � 0°, the compressive stress wave travels parallely to the preexisting fissure, and the reflected stress wave at the proximal end almost does not act on crack propagation, so the crack is mostly caused by the compressive stress wave; when θ � 45°, the compressive stress wave travels obliquely to the preexisting fissure, and the reflected stress wave travels far from the media around the borehole, in which another small part of the reflected stress wave has limited effect on the propagation and initiation of crack; when θ � 90°, the compressive stress wave travels vertically to the preexisting fissure, and the more reflected stress wave can help to crack propagation. erefore, the increase of the angle θ is beneficial to the crack propagation.
(3) Fillings
When θ � 90°and L � 50 mm, the element is also selected as the gauss point at 10 mm below the preexisting fissure center of the three fillings specimens. As L is the same, theoretically compressive stress wave peak pressure should also be basically the same. To reflect the influence of fillings on the reflected stress wave, take the peak pressure of stress wave pressure as a reference, as shown in Figure 14 . e peak value of the reflected stress wave in the air-filled specimen is maximum, which shows that the air-filled specimens are more conducive to the crack propagation than the soil-filled and water-filled specimens; comparing the peak value of the reflected stress wave with Δη (the difference value of wave impedance between the three kinds of fillings and PMMA), it can be seen that the peak pressure value increases with the increase of Δη, which further indicates that it is valid to use the difference value of wave impedance to measure the discontinuity degree of the specimen and adopt the discontinuity degree to explain the phenomena of crack propagation.
e Wing Crack Propagation Mechanism.
In numerical simulation, the damage-time curve is obtained by setting the initiation point of the far-end wing crack as the gauss point. Taking the air-filled specimen at θ � 45°and L � 20 mm as the example, the damage value of this specimen is fitted by S-logistic function, as shown in Figure 15 , and the fitting function is
where t is the time (s) and D is the damage. By fitting the curve, it can be seen that the damage value is the "S" curve changing with time. According to the characteristics of change in the fitting curve, damage evolution is divided into three stages: OA stage is the early stage of damage, and the damage relatively increases more slowly with time; AB stage is the middle stage of damage, and the damage value increases rapidly in the short time; BC stage is the late stage of damage because the damage value of B point is close to 1, so Advances in Materials Science and Engineeringin a very short time the damage value achieves 1, but this stage curve changes slowly, and it can be speculated that the damage growth rate decreases. Overall, the damage-time experiences the evolution process that OA stage keeps an upward trend but in a less significant way, AB stage shows an obvious soar trend, and then BC stage rises moderately. e dynamic tensile damage evolution process is reflected fully in Figure 16 ; namely, there are two growth stages of significant difference in the tensile damage evolution: one is the AB phase of nonlinear fast growth, the other is the BC phase of linear growth, and the transition of the two stages has an obvious critical characteristic. When the initiation point of the far-end wing crack is subjected to tensile force, damage occurs, so initial damage point A occurs at the tension stage, but the tensile force at point A is not the peak value. Once the damage occurs, the damage will experience a rapid nonlinear growth to the turning point B, whose corresponding tensile force is the peak value; the damage increases linearly when the tensile force decreases, and finally, the damage value reaches 1 when the medium becomes totally fractured. Figure 17 shows the typical pressure-time history curves at different angles of the initiation point of the far-end wing crack in the air-filled specimen at L � 20 mm. e compressive stress wave acts on the initiation point before the reflected stress wave and the diffracted stress wave in the preexisting fissure, so firstly the initiation point is subjected to the pressure and then the tensile force. With the increase of the angle, the distance from the borehole to the crack initiation point decreases and the compressive stress wave peak value increases, but the tensile force peak value decreases. e reason is that the reflected stress wave has a serious impact on the subsequent compressive stress wave, which results in reduction of the tensile force peak when the phenomenon of two kinds of stress wave superimposition appears. Additionally, it is also found that peak pressure decreases faster than the tensile force peak at the far-end initiation point, and the whole pressure-time decreases when the angle increases. e effects of distance, angle, and fillings on the initial damage and fracture time of the initiation point of the farend wing crack are discussed below. Generally, the distance that the stress wave travels to the far end of the preexisting fissure also increases as the distance L increases, which causes the delay of initial damage and fracture time of the far-end wing crack initiation point. If the angle θ increases, the initial damage and fracture time of the initiation point is earlier, and the distance that the stress wave travels to the far end of the preexisting fissure decreases as the angle θ increases. When the fillings change, it can be seen that the initial damage and fracture time of the far-end wing crack initiation point in the air-filled specimen is the earliest and the soil-filled specimen is the latest, and the reason is that the smaller the Δη value is, the larger the discontinuity degree is and the more the energy absorption of the compressive stress wave is, so the initial damage and fracture time is different. e compressive stress wave travels to the preexisting fissure, and the pressures are firstly generated at the initiation points of the both ends.
e pressure is gradually converted to the tensile force as the reflected stress wave generated in the prefabricated crack continues to pressure Advances in Materials Science and Engineeringon initiation points. As time goes on, the initiation point begins to damage, and the damage value increases rapidly, and finally the damage value reaches 1. During the whole process, the stress concentration occurs at the crack initiation point. When the stress strength exceeds the dynamic tensile strength of PMMA, the wing cracks begin to initiate and propagate. In the crack propagation process, the shear stress is produced by the shear-slip caused by the uneven stress at the crack tip, which indicates that the wing crack propagates in a tensile-shear mode. When the stress strength is lower than the dynamic initiation strength, the wing crack arrests. rough the analysis of the physical experiment and numerical simulation, for most of the specimens, the wing crack propagation direction exists in two situations: when the distance L is relatively smaller (L � 20-30 mm), the blastinduced crack outside the crushed zone directly propagates through the proximal end of preexisting fissure; when the distance L is relatively larger (L � 40-60 mm), the proximalend wing crack propagates toward the borehole. However, far-end wing cracks propagate away from the borehole in all the specimens. Meanwhile, it is found that the wing cracks propagation paths are almost parallel to the connection line between borehole center and two ends of the preexisting fissure, which indicates that the wing crack propagation path is directly related to the incident direction of the stress wave.
e Influence of Fillings and Angles on Total Number N of
Cracks. In Figure 18 , the total number N of cracks in the air-filled specimens is almost larger than that in the solifilled and water-filled specimens due to the minimal discontinuity degree of the air-filled specimen. e total number N of cracks in the soli-filled and water-filled specimens is almost close due to the close discontinuity degree of the two kinds of specimens. is indicates the numerical simulation results are in accordance with the experimental results.
In Figure 19 , when L � 20 mm and 40 mm, the total number N increases first and then decreases when the angle increases; when L � 30 mm, the total number N decreases first and then increases; when L � 50 mm, the total number N decreases when the angle increases; when L � 60 mm, the total number N decreases first and then increases when the angle increases, which indicates that blast-induced cracks show a complex phenomenon of mutual restraint under the variables of the fillings, angle θ, and distance L. In Figure 20 , the length of the far-end wing crack gradually decreases with the increase of the distance L. Because of the minimum discontinuity degree in the air-filled specimens, the length of the far-end wing crack is larger than that of the soil-filled and water-filled specimens. erefore, the law of Advances in Materials Science and Engineeringthe far-end wing crack propagation in numerical simulation and physical experiment is more consistent.
e Far-End Wing Crack Propagation Law

Analysis on Length of Far-End Wing Crack.
It is well known that the reason for the decrease in the far-end wing crack length when the distance L increases is due to the decrease in the explosion pressure at the crack tip. To specify this reason, during the simulation, the peak pressure value at the different distance L is obtained by setting the initiation point of the far-end wing crack as the gauss point, as shown in Figure 21 . It can be seen that the peak pressure value of the initiation point does decrease with the increase of the distance L, and the peak pressure value of the initiation point of the far-end wing crack in the air-filled specimens is larger than that of the soil-filled and water-filled specimens, which explains the phenomena that the far-end wing crack length increases when the distance L increases; the wing crack length in the air-filled specimens is much larger than that in the soil-filled and water-filled specimens.
In Figure 22 , the stress wave energy that travels to the far-end of the preexisting fissure increases when angle θ increases, and the more energy is obtained when the far-end wing crack initiates, which contributes to the wing crack propagation. erefore, the length of the far-end wing crack increases as a whole when the angle θ increases, which is consistent with the experimental results.
Analysis on Average Velocity of the Far-End Wing
Crack Propagation. Figure 23 shows the relationship between the average velocity of far-end wing crack propagation (V A ) and the fillings.
e trend of V A in the air-filled specimen is different at different angles, which is related to the stress of the crack tip caused by fillings and distance L. As a whole, the discontinuity degree of soil-filled and water-filled specimens is more similar, and the pressures of the initiation point of the far-end wing crack are close, so the trends of V A are consistent in the two kinds of specimens. Figure 24 shows the variation trend of average crack propagation velocity (V A ) at different angles. In general, with the increase of the angle, V A of different fillings specimens shows the downtrend; when θ � 0°, V A is larger than that at θ � 45°and 90°, which indicates that θ � 0°is conducive to crack propagation and the validity of the literature [8] . When L � 20-40 mm, V A of the different fillings specimens decreases when the angle θ increases; when L � 50 mm, V A first increases and then decreases when the angle increases, and V A is inconsistent when L � 60 mm.
Conclusions
(1) Compared with the experimental results, the numerical simulation can reflect better the entire variation law of blast-induced crack propagation that the total number N of cracks and the length of the far-end wing crack in the air-filled specimen are greater than that in the soil-filled and water-filled specimens. (2) e wing crack is a kind of mixed mode crack by propagating in the tensile-shear mode. e similar propagation path of the far-end wing crack is related to the direction of the compressive stress wave propagation at the same angle. e length of the farend wing crack in air-filled specimens is larger than that in the soil-filled and water-filled specimens, which shows that the damage range caused by explosion is the largest under this condition. (3) e damage-time curve of the initiation point of the far-end wing crack presents "S"-type change, and the damage-pressure curve of the initiation point can fully reflect the law of the dynamic tensile damage evolution process. (4) e specimen discontinuity degree is measured by the wave impedance difference value between the three fillings and PMMA, and the greater the difference value, the smaller the discontinuity degree and the greater the reflected wave energy. It is generally believed that the larger the angle and the smaller the distance, the greater the reflected wave energy should be in the three kinds of filling specimens, but meanwhile the greater the transmitted stress wave energy also is. So there is a mutual restraint relationship between the distance L, angle θ, and fillings types and reflected and transmitted stress wave energy that affects the effect of blast-induced crack propagation. e phenomenon of crack propagation under different fillings can be explained well from the viewpoint of discontinuity degree and stress wave energy, which reveals the general law of blastinduced crack propagation.
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